Accelerated ovarian failure (AOF) can be induced in young mice with low doses of 4-vinylcyclohexene diepoxide (VCD), modeling the hormone changes observed across menopause. We assessed markers of synaptic plasticity in the hippocampus, anxiety-like behavior, and spatial learning longitudinally at 4 time points across the AOF model: premenopause, early perimenopause, late perimenopause, and postmenopause (POST). As others have shown, VCD administration decreased ovarian follicle counts and increased acyclicity as the model progressed to POST but with no impact on organ or body weights. The morphology of Iba1 immunoreactive microglia did not differ between vehicle-and VCD-administered mice. Hippocampal postsynaptic density 95 levels were minimally altered across the AOF model but decreased at POST in CA3b 24 hours after exogenous estradiol benzoate (EB). In contrast, hippocampal phosphorylated AKT levels transiently decreased in premenopause but increased at POST after 24 hours of EB in select subregions. Electron microscopy revealed fewer estrogen receptor ␣ containing dendritic spines and terminals in CA1 stratum radiatum at POST. mRNA levels of most brain-derived neurotrophic factor exons (except V and VI) were lower in POST compared with ovariectomized mice. Exon V was sensitive to 24 hours of EB administration in POST-VCD. Anxiety-like behavior was unaffected at any menopause phase. Spatial learning was unaffected in all groups, but POST-VCD mice performed below chance. Our results suggest that the AOF model is suitable for longitudinal studies of neurobiological changes across the menopause transition in mice. Our findings also point to complex interactions between estrogen receptors and pathways involved in synaptic plasticity. (Endocrinology 155: 3610 -3623, 2014) T he menopause transition is associated with a wide range of physiological, psychological, and neurobiological changes in women. Estrogens are important for cognitive processes (1-3), and diminished cognitive performance is associated with decreased ovarian function (3-5). Greater cognitive difficulties within the first year
after menstrual cessation (6) suggests that the transition from late perimenopause (LATE) to early postmenopause (POST) constitutes a highly labile period. Effectively modeling this transition in rodents is important to understanding the neurobiological mechanisms of these changes.
The accelerated ovarian failure (AOF) mouse model allows for longitudinal study across menopause phases and recapitulation the hormonal milieu and menopause transition (for review and mechanism, see Ref. 7) . Intact aging and ovariectomy (OVX) models fail to accurately recapitulate human menopause, and neither allows for a longitudinal study of neurobiological changes during the menopause transition (7) . In the AOF model, ovarian follicles are depleted via 15-day ip administration of 4-vinylcyclohexene diepoxide (VCD), which selectively eliminates primary ovarian follicles (8) (see Supplemental Methods) while maintaining ovarian tissue and its steroidigenic capacity (9) . After VCD, mature follicles deplete with normal estrous cycles (10, 11) , resulting in acyclicity and eventual ovarian senescence (9) . Previous work in the AOF model not only established the validity of menopause induction (hormone levels and acyclicity) (10) and predictable and reproducible time points corresponding to putative perimenopause and POST (9, 12) but also demonstrated differences between OVX and AOF models (13, 14) (see Supplemental Methods).
Endogenous fluctuations (15) (16) (17) (18) and exogenous administration of ovarian steroids (19 -21) , particularly estrogens, modulate hippocampal levels of postsynaptic density 95 (PSD-95), phosphorylated AKT (pAKT), estrogen receptor (ER)␣, and brain-derived neurotrophic factor (BDNF). Although the hippocampal-dependent object placement (OP) spatial learning task is not affected by estrous cycle stage (16), estradiol administration improves task performance in OVX females (19) , suggesting a contribution of estrogen signaling to task success.
Although behavioral cognitive changes have been compared in rodents in OVX and AOF models (13, 14, 22) , these changes have not been examined longitudinally across all menopause phases. Thus, we examined markers of synaptic plasticity in the hippocampus and assessed anxiety behavior and spatial learning across the AOF model at 4 time points: premenopause (PRE), early perimenopause (EARLY), LATE, and POST. We hypothesized that markers of synaptic plasticity and spatial learning would be negatively affected by loss of endogenous estrogen particularly at LATE and POST. Given that PSD-95, pAKT, and ER␣ respond to nongenomic acting doses of exogenous estradiol, VCD mice at POST were administered estradiol benzoate (EB) 24 hours before the collection of brains and organs. We hypothesized that EB administration would alter hippocampal levels of PSD-95 and pAKT. The results of our study suggest that the AOF model is suitable for longitudinal studies of neurobiological changes across the menopause transition in mice.
Materials and Methods
For details see Supplemental Methods.
Animals
Experiments were approved by The Rockefeller University and Weill Cornell Medical College Institutional Animal Care and Use Committees and conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Intact, postnatal day 50 female mice (n ϭ 100) were injected ip with vehicle (VEH) (0.5% dimethyl sulfoxide (DMSO) in sesame oil) or VCD (130 mg/kg) 5 sequential days per week for 3 weeks ( Figure 1A ). Vaginal smears were acquired as previously described (23) for the first 5 injection days to verify regular cyclicity ( Figure 1A ). At each time point (PRE, EARLY, LATE, and POST), behavioral testing was preceded by 10 days of vaginal smears. Mice were considered acyclic if there were fewer than 2 days of proestrus in the 10-day period (24) . All mice underwent cycling and behavior at each time point but were perfused (12 VCD and 12 VEH) only at their assigned terminal time point ( Figure 1B ). At POST, VCD mice received a single injection (ip) of sesame oil or EB (0.25 mg/kg) 2 weeks after the OP task (below) and 24 hours before perfusion (21, 25) ; VEH animals were not injected, but cycle stage was determined.
To determine the effect of acute or chronic exposure to VCD on inflammation, we examined microglial activation in 2 groups of 2-month-old female mice (n ϭ 3/group): 1) single administration of VEH or VCD and 2) 3 week administration (above) of VEH or VCD. For comparison, a third group was administered 1 injection (ip) of saline or lipopolysaccharide (LPS) (50 g/kg; n ϭ 2/group). Brains were perfusion fixed as previously described (26) 24 (acute; LPS) or 48 (chronic) hours after last injection. Areas of interest were processed for ionized calcium adapter binding molecule 1 (Iba1) immunoperoxidase.
To compare the effect of ovarian hormones on BDNF transcript levels in AOF with a typical surgical model of hormone loss, postnatal day 50 mice were injected ip with VEH (0.5% dimethyl sulfoxide (DMSO) in sesame oil) or VCD (130 mg/kg) 5 sequential days per week for 3 weeks (see Figure 1A) ; at POST (127 d after injection), mice were administered oil or EB (0.25 mg/kg). To compare with surgical menopause, 3-month-old female and male mice were OVX or orchidectomized (ORX), respectively, and 10 days after gonadectomy, they were administered oil or EB (0.25 mg/kg). All mice were rapidly decapitated 24 hours after oil/EB administration, and the hippocampus was processed for quantitative real-time RT-PCR (qRT-PCR) as described below.
Behavioral paradigms
The elevated plus maze (EPM) and the open field test (OFT) were used to monitor anxiety-like behavior. OP measured spatial learning at the terminal time point ( Figure 1B) . The time spent investigating the new location is reported as a percentage of the total time spent investigating objects at either location.
Brain histology
Mice were deeply anesthetized with sodium pentobarbital (150 mg/kg, ip) and perfused through the ascending aorta as previously described (26) . At the time of brain removal, liver, spleen, adrenal glands, uterus, and ovaries (Supplemental Figure  1) were weighed and histologically processed.
qRT-PCR preparation and analysis
Total RNA isolation from the dorsal hippocampus was performed using RNeasy Lipid Tissue Mini kit and QIAcube (QIA-GEN) in accordance with the manufacturer's instructions. Total RNA (0.5 g) was reverse transcribed at 25°C for 10 minutes, 37°C for 120 minutes, and 85°C for 5 minutes using a HighCapacity cDNA Reverse Transcription kit (Applied Biosystems).
The qRT-PCR was performed using an Applied Biosystems 7900HT Sequence Detection System v2.3 using the SYBR Green PCR Master Mix. Primers are indicated in Supplemental Table 1 .
Light microscopic immunohistochemistry
Specificity was determined for all antibodies (see Supplemental Methods). Coronal sections were processed for peroxidase immunohistochemistry as previously described (26) .
To identify microglia, coronal sections from dorsal hippocampus, paraventricular nucleus of the hypothalamus (PVN), subfornical organ (SFO), nucleus of the solitary tract (NTS), and area postrema (AP) were immunolabeled for Iba1 (7, 26) . For quantitative densitometry, coronal dorsal hippocampal sections (Supplemental Figure 2A) were immunolabeled for either PSD-95 or pAKT.
For densitometry, regions of interest were photographed on a Nikon Eclipse 80i microscope using NIH Image 1.50 software, and relative optical density (ROD) was determined as previously described (16, 27) . Regions of interest included: cornu ammonis (CA) 1 stratum oriens (SO), stratum radiatum (SR), stratum lacunosum-moleculare (SLM), and pyramidal cell layer (PCL); CA3 SO, SR, and stratum lucidum (SLu); dentate gyrus (DG), molecular layer (ML), hilus (Hil), and granule cell layer (GCL). For each condition (VEH and VCD) at each menopause phase (PRE, EARLY, LATE, and POST), 1 brain section per animal (n ϭ 6 -12 per group) was analyzed.
Electron microscopic (EM) immunohistochemistry
Coronal dorsal hippocampal sections were immunolabeled for ER␣ (gift of Dr Hayashi, 1:10 000) and prepared for EM as previously described (26) . Sections were examined on a CM10 electron microscope. Profiles were identified by defined morphological criteria (15) (16) (17) (18) 28) in CA1 near and distal SR and CA3b SLu (Supplemental Figure 2 , B and C). "Unknown profiles" could not be positively classified.
Data analysis
Statistical analyses were performed using JMP 8 (SAS Institute). Significant differences were defined as P Ͻ .05. VEH and VCD mice were compared within each menopause phase (PRE, EARLY, and LATE) using the Student's t test. One-way ANOVA was used for more than 2 experimental groups, and Tukey's HSD post hoc test was used to analyze significant main effects. Two-way ANOVA was used to analyze mRNA levels, because the experiment used a 3 ϫ 2 design. The Holm-Sidak multiple comparison test was used as a post hoc analysis of significant main effects. After behavioral testing at POST, VCD mice were injected with either oil or EB 24 hours before perfusion. There were 9 -13 animals in each group at the terminal time points (PRE: VEH, VCD ϭ 11; EARLY: VEH ϭ 13, VCD ϭ 12; LATE: VEH, VCD ϭ 10; POST: VEH ϭ 11, VCDϩOil ϭ 6, VCDϩEB ϭ 8).
Results

Accelerated ovarian follicle depletion and acyclicity
To verify the ovotoxic effects of VCD, primary and mature ovarian follicles (Supplemental Figure 1) were counted in hematoxylin and eosin-stained ovaries from VEH and VCD mice at each time point (Supplemental Table 2 ). VCD significantly reduced primary follicle counts (PRE: t 16 ϭ 3.9, P ϭ .0016; EARLY: t 22 ϭ 5.3, P Ͻ .0001; LATE: t 18 ϭ 5.0, P Ͻ .0001; POST: t 22 ϭ 3.2, P ϭ .0042) (Supplemental Table 2 ) and mature follicle counts at all time points except PRE (EARLY: t 22 ϭ 5.8, P Ͻ .0001; LATE: t 18 ϭ 2.4, P ϭ .024; POST: t 22 ϭ 2.5, P ϭ .022) (Supplemental Table 2 ) relative to VEH.
Increased acyclicity was evident at LATE and POST time points (Supplemental Table 2 ). Only 50% of LATE-VCD were cycling normally, whereas over 90% of LATE-VEH demonstrated normal cyclicity (Supplemental Table  2 ). By POST, all VCD mice but 1 were acyclic, compared with acyclicity in 27% of VEH mice (Supplemental Table  2 ). Uterine weights of VEH and VCD mice, including POST-VCD mice administered EB, were not significantly different (Supplemental Table 3 ).
VCD administration is not associated with somatic or neural toxicity
Consistent with others (10, 12, 29 -33) , VEH and VCD mice did not differ in body or spleen weights (Supplemental Table 4 ). Liver and spleen sections were histologically unremarkable (data not shown). LATE-VCD mice had significantly higher adrenal weights than LATE-VEH (t 18 ϭ Ϫ2.4, P ϭ .028; PRE, EARLY, and POST, P Ͼ .05) (Supplemental Table 4 ).
Activated microglia contribute to neuron damage after exposure to environmental and neural toxins (for review, see Refs. 24, 34) . To verify that VCD administration would not elicit a neuroimmune response, Iba1-immunoreactivity (ir) was examined in brain regions inside (PVN, hippocampus, and NTS) and outside (SFO and AP) the blood-brain barrier, after acute or chronic (15 d) administration of VCD compared with 1-day post-LPS, which is known to activate microglia in the hippocampus (29, 35) . As expected, Iba1-ir was found in cells with thick processes, indicative of activated microglia in all brain regions from the LPS-, but not saline-, injected mice ( PSD-95 levels were minimally altered across menopause phases PSD-95 contributes to spine maturation (29, 36 ) and responds to exogenous EB (19, 29) and estrous fluctuations (16, 24) and is affected in other models of menopause (16, 19, 21) . PSD-95-ir was observed in all hippocampal layers except for PCL and GCL (Figure 3, A-D) .
At PRE, PSD-95-ir was significantly decreased in VCD relative to VEH in CA1 SLM (t 16 ϭ 2.2, P ϭ .044) ( Figure  3E ), nearly significant in Hil (t 16 ϭ 2.0, P ϭ .059) ( Figure  3G ), but was not significant in CA1 SO and SR, CA3b SO, SR, SLu, CA3a SLu, or DG ML. At EARLY, the only region with a significant difference was CA1 SO (t 14 ϭ Ϫ2.2, P ϭ .049) with greater PSD-95-ir in VCD than VEH.
PSD-95-ir ROD did not differ significantly between VEH and VCD mice in any hippocampal region at LATE. In POST, one-way ANOVA showed a significant main effect of EB administration on PSD-95-ir ROD in CA3a (F 2,15 ϭ 3.9, P ϭ .045) ( Figure 3F ). Post hoc analysis indicated that PSD-95-ir ROD in VCDϩEB mice was significantly lower than VEH mice (P ϭ .036). No significant Figure 3 . Hippocampal PSD-95 does not change across the menopause phases but is responsive to EB at POST. In the hippocampus, PSD-95-ir is found in all layers except for the PCL and GCL (A-D). Representative examples of PSD95-ir in PRE-VEH (A), PRE-VCD (B), POST-VEH (C), and POST-VCDϩEB (D). In CA1, VCD mice showed significant decrease in PSD-95-ir density relative to VEH only at PRE in the SLM (E). In the DG, there was no significant difference in PSD-95-ir density at any menopause time point (F). There was a significant difference in PSD-95-ir density only in CA3a with significantly lower levels in POST-VCDϩEB vs POST-VEH mice. There was no significant difference between POST-VEH and POST-VCDϩOil mice (G). Scale bar, 200 m. *, P Ͻ .05; a P ϭ .059.
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differences were seen in either PSD-95-ir ROD between VEH and VCDϩOil mice, nor in the main effects of EB in CA1, CA3b, or DG (Figure 3 , E-G).
AOF pAKT levels transiently decrease in PRE and are responsive to EB in POST pAKT is activated by estradiol and is important for spine formation and cognition (10, 16, 37) . pAKT-ir was observed throughout the hippocampus in pyramidal and granule cell bodies and processes (Figure 4, A-D) . pAKT-ir ROD was significantly decreased in PRE-VCD relative to PRE-VEH in CA1 (SO: t 18 ϭ 3.0, P ϭ .009; PCL: t 18 ϭ 3.9, P ϭ .001; SR: t 18 ϭ 3.7, P ϭ .002; SLM: t 18 ϭ 2.9, P ϭ .010), CA3b (SR: t 18 ϭ 3.0, P ϭ .009; SLu: t 18 ϭ 2.7, P ϭ .014; SO: t 18 ϭ 2.5, P ϭ .021), CA3a (t 18 ϭ 2.6, P ϭ .018), and DG (GCL: t 18 ϭ 2.8, P ϭ .013; Hil: t 18 ϭ 2.6, P ϭ .018) (Figure 4, E-G) . By EARLY, VCD pAKT-ir ROD was only significantly lower in CA3b SR Figure 4 . Hippocampal pAKT-ir transiently decreases PRE but is responsive to EB at POST. In the hippocampus, pAKT-ir is found in cell bodies and processes of pyramidal and granule cells (A-D). Representative examples of pAKT-ir in PRE-VEH (A), PRE-VCD (B), POST-VEH (C), and POST-VCDϩEB (D). In all layers of CA1, pAKT-ir density was significantly decreased in VCD mice only at PRE. Levels of pAKT-ir were only increased in POST-VCDϩEB in the PCL (E). In DG, pAKT-ir density was only significantly decreased in VCD mice at PRE and only in GCL and Hil, with no effect on any layer of POST-VCDϩOil or EB (F). pAKT-ir density was significantly decreased in PRE-VCD mice in all CA3 layers, and in CA3b SR EARLY, but there was no significant difference in any layer LATE. pAKT-ir density was significantly greater in POST-VCDϩEB only in CA3a (G Figure 4G ). There was no difference in pAKT-ir ROD between VEH and VCD mice in any other region or layer or LATE (Figure 4 , E-G). At POST, one-way ANOVA of pAKT-ir ROD showed a significant main effect of EB only in CA1 PCL (F 2,18 ϭ 4.9, P ϭ .022) ( Figure 4A ) and CA3a SLu (F 2,18 ϭ 9.3, P ϭ .002) ( Figure 4C ). Post hoc analysis revealed significantly greater pAKT-ir ROD in VCDϩEB mice than VEH in CA1 PCL (P ϭ .022) (Figure 4E) , and in CA3a, pAKT-ir ROD was greater in VCDϩEB mice than in either VEH (P ϭ .002) or VCDϩOil (P ϭ .036) ( Figure 4F ). Although differences in pAKT-ir ROD approached significance in CA3b SR (F 2,18 ϭ 3.1, P ϭ .072) (Figure 4F 
Decrease in number of ER␣-ir-labeled terminals by POST in CA1
In rodents, extranuclear ER␣-ir occurs in neuronal and glial profiles throughout the hippocampus (18, 38) . Synaptic and spinous extranuclear ER␣ is sensitive to changes in estrogens and aging (18, 39) . Here, we used quantitative immuno-EM to determine whether menopause phase or status altered the number of dendrites, spines ( Figure 5A ), axons, terminals ( Figure 5B), and glia containing ER␣-ir. Because PSD-95 and pAKT were still responsive to EB in POST-VCD mice, we focused our ER␣ study on PRE and POST time points. ER␣-ir containing profiles were counted in the near ( Figure 5C ) and distal ( Figure 5D ) CA1 SR and in CA3 SLu ( Figure 5E ) in PRE-VEH, POST-VEH, and POST-VCDϩOil, because extranuclear ER␣ has a role regulating synaptic plasticity in these regions (40) . In the near SR, one-way ANOVA revealed a main effect of menopause status on the number of ER␣-containing spines (F 2,8 ϭ 8.4, P ϭ .018) and terminals (F 2,8 ϭ 18, P ϭ .003) ( Figure 5C ). Post hoc analysis revealed significantly more ER␣-labeled spines and terminals in the PRE-VEH group than in either POST-VEH (spines, P ϭ .020; terminals, P ϭ .0076) or POST-VCD (spines, P ϭ .043; terminals, P ϭ .0036). In near SR, menopause status did not have a significant main effect on the number or ER␣-containing dendrites, axons, or glia.
In distal SR, there was a significant main effect of menopause phase only on the number of ER␣-labeled terminals (F 2,8 ϭ 7.9, P ϭ .021) ( Figure 5D ). Post hoc analysis revealed a significantly higher number of ER␣-labeled terminals in PRE-VEH than in POST-VCD mice (P ϭ .018) ( Figure 5D ). There was no significant effect of menopause phase in distal SR dendrites, spines, axons, or glia, nor in CA3-SLu ( Figure 5E ).
Reduced expression of BDNF exon mRNA in VCD but not OVX or ORX
BDNF has a role in cognition and spatial learning (41, 42) . With a putative estrogen response element (43) , BDNF levels and function have demonstrated estrogen sensitivity (15, 44) . Activation of extranuclear ERs induces BDNF signaling in CA1, resulting in neuroprotective effects (45) . Exogenous EB in OVX mice increases BDNF mRNA levels (46) . To compare how VCD affected levels of BDNF mRNA, POST-VCD, OVX, and ORX mice were administered exogenous oil or EB 24 hours before brain collection. To determine whether there was a differential response to EB in the 3 manipulations of gonadal tissue, we used qRT-PCR primers to the proteincoding exon and exons I-VI of BDNF, as well as tyrosine kinase B (TrkB), and PSD-95. Results in each exon were analyzed with two-way ANOVA.
There was a significant main effect of gonadal manipulation on the mRNA levels of the BDNF protein coding exon (F 2,35 ϭ 96.0, P Ͻ .0001), exon I (F 2,35 ϭ 17, P Ͻ .0001), exon II (F 2,35 ϭ 67, P Ͻ .0001), and exon IV (F 2,35 ϭ 150, P Ͻ .0001) ( Figure 6 , A-C and E). However, there was no significant main effect of hormone manipulation and no significant interaction between gonadal and hormone manipulations on any exons. Post hoc analysis for simple effects of gonadal manipulation revealed that mRNA levels of these exons (coding, I, II, and IV) were significantly lower in VCD than either OVX (P Ͻ .0001) or ORX (P Ͻ .0001), but there was no significant difference in levels between OVX and ORX .
In exons III and V ( Figure 6 , D and F), there was a significant main effect of gonadal manipulations (exon III: F 2,35 ϭ 324, P Ͻ .0001; exon V: F 2,35 ϭ 55.3, P Ͻ .0001) and a significant main effect of hormone manipulation (exon III: F 1,35 ϭ 5.50, P ϭ .0249; exon V: F 1,35 ϭ 4.37, P ϭ .0365) but no significant interaction between gonadal and hormone manipulations. In exon III, post hoc analysis of simple effects of gonadal manipulation revealed significantly lower mRNA levels in OVX (P Ͻ .0001) than ORX, but levels of exon III mRNA in VCD mice were significantly lower than in either OVX or ORX. Post hoc analysis of hormone manipulation simple effects revealed that EB administration significantly increased exon III mRNA only in the ORX group (P ϭ .0319). In contrast, post hoc analysis of simple effects of gonadal manipulation in exon V revealed significantly lower levels of mRNA in ORX than in either OVX (P Ͻ .0001) or VCD (P Ͻ .0001). Post hoc analysis of hormone manipulation simple effects showed that unlike any other exon measured, EB administration increased exon V mRNA only in VCD (P ϭ .0192).
In exon VI ( Figure 6G ), there were no significant main effects of either gonadal or hormone manipulations, nor was there a significant interaction between gonadal and hormone manipulations.
For TrkB mRNA levels ( Figure 6H ), there was a significant main effect of gonadal manipulation (F 2,35 ϭ 94.6, P Ͻ .0001) but no significant main effect of hormone manipulation and no significant interaction between gonadal and hormone manipulations. Post hoc analysis of simple effects of gonadal manipulation revealed that in addition to significantly lower TrkB mRNA levels in VCD mice than in either OVX or ORX, TrkB mRNA levels in OVX were significantly lower (P Ͻ .0001) than in ORX.
Two-way ANOVA of PSD-95 ( Figure 6I ) revealed a significant main effect of gonadal manipulation (F 2,35 ϭ 28.3, P Ͻ .0001) but no significant main effect of hormone manipulation and no significant interaction between gonadal and hormonal manipulations. Post hoc analysis of simple effects of gonadal manipulation revealed that PSD-95 mRNA levels were significantly greater (P Ͻ .0001) in ORX than in either OVX or VCD.
Cognitive changes not observed until POST
Mice were tested on the EPM and OFT at each menopause phase ( Figure 1B) . On the EPM, VEH and VCD mice did not differ significantly at any tested time point on their Figure 5 . ER␣-ir greatest at PRE but is not affected by menopause status at POST. ER␣-ir was observed in dendrites, spines (sp), axons, terminals (te), and glia in the SR of CA1 and SLu of CA3 as shown in representative examples of from PRE-VEH (A), POST-VEH (B), and POST-VCDϩOil (C). In the near SR of CA1, post hoc analysis revealed that the number of spines containing ER␣-ir was significantly greater in the PRE-VEH group relative to POST-VEH, with no significant difference between VEH-and POST-VCD groups (D). In the distal SR of CA1, by post hoc analysis, the number of ER␣-containing terminals was significantly greater in the PRE-VEH group relative to POST-VCDϩOil, again with no significant difference between VEH-and POST-VCD groups (E). In the SLu of CA3, there was no main effect of menopause phase in the CA3-SLu as analyzed by one-way ANOVA (F). Scale bar, 250 nm. *, P Ͻ .05. UD, unlabeled dendrite; UT, unlabeled terminal; UG, unlabeled glia, Usp, unlabeled spine. Figure 7C ). The OFT did not indicate any effect of VEH or VCD at any time point in the latency to enter the center ( Figure 7D ) or the total time spent in the center ( Figure 7E ). OP has been shown to be sensitive to exogenous estradiol administration (19, 47, 48) . Although there were no significant differences between VEH and VCD mice in the investigation of the new location (time spent investigating the new location as a percentage of total time) ( Figure 7F ), only at POST did the mean of VCD mice fall below 50% ( Figure 7F ).
Discussion
This is the first study to assess markers of pathways germane to synaptic plasticity, spatial learning, and anxietylike behavior in the hippocampus longitudinally across the AOF model. Our results not only demonstrate that the AOF mouse model is suitable for longitudinal studies of neurobiological changes across the menopause transition, particularly from EARLY to POST time points, but also suggest complex interactions between ERs and pathways involved in synaptic plasticity (Figure 8 ).
Acyclicity and toxicology across menopause phases
Our findings of follicle loss and acyclicity with VCD concur with other studies. Because primary follicles are the direct targets of VCD (8, 49, 50) , mature follicles decrease only after primordial and primary follicle pools have been sufficiently depleted (30, 51) . Thus, the onset of acyclicity follows with the decrease in the mature follicle pool (30, 51) . Although we found no difference in uterine weights between VEH and VCD mice, weight variations, consistent with other studies, were equal across menopause phase and status (52) (for a summary of findings, see Figure 8) .
As others have shown, we did not observe any overall effect of VCD administration on body or organ weights (31) (32) (33) . Although adrenal weights of LATE-VCD were significantly greater than LATE-VEH, no other organ weights differed between VEH and VCD at any other time point. Importantly, neither acute nor chronic VCD administration elicited a neuroimmune response. Our results suggest that VCD does not have any direct effects on the brain and does not activate microglia in regions outside the blood-brain barrier.
Transient decrease in pAKT levels in AOF mice at PRE are not accompanied by behavioral changes
The transient decrease in pAKT-ir throughout the hippocampus and in PSD-95-ir in CA1 SLM is likely not hor- monally mediated, as it occurs at PRE, a time point is not characterized by decreased mature follicle count or abnormal cyclicity. Although VEH and VCD experienced identical handling and experimental manipulations, VCD mice may be more prone to negative effects of injections and handling. Stress decreases levels of hippocampal pAKT and PSD-95 (53) . The apical dendritic tufts of CA1-SLM may be particularly sensitive (54) , which may account for the decrease in PSD-95-ir at PRE only occurring in the SLM of CA1. The continued depression of pAKT-ir in CA3b at EARLY may be due to the vulnerability of this region to stress (55) . Despite altered pAKT levels, there were no significant differences in EPM, OFT, or OP performance between PRE-or EARLY-VEH or VCD mice. Thus, the temporal proximity to the injection period the PRE time point is not best suited for neurobiological and behavioral investigations.
POST PSD-95, pAKT, and ER␣
Based on work in cycling and OVX mice, we hypothesized that PSD-95 and pAKT levels would be lower in VCD than in VEH mice. Yet we observed no significant difference between VEH and VCDϩOil groups. Given that PSD-95 and pAKT levels vary across the estrous cycle, we thought that these markers would be susceptible to the distinct, subtle hormonal changes characteristic of AOF. However, such observations may have been obscured by the dynamics of hippocampal spine maturation in response to estrogen, or subtle changes in ERs through the menopause transition (39) . Unlike rats, estrogen administration in OVX mice does not increase total dendritic spine density but does increase the number of the mature, better-established mushroom-shaped spines (19) . Thus, levels of PSD-95 and pAKT may not be reflecting spine number but rather the maturation of existing spines.
Estrogens differentially affect ER␣ and ER␤ (21, 56 -58) , and activation of these receptors have distinct effects on levels of PSD-95 and pAKT (21) and spine density (59) . POST-VCD mice were still responsive to the rapid effects of EB as measured by PSD-95-and pAKT-ir. Although the EB-associated decline in PSD-95 levels seems unexpected, rapid EB administration in mice constitutively lacking ER␤ showed a trend for decreased levels of PSD-95 in CA3a, perhaps reflecting changing receptor populations (21) . The increase in pAKT levels in CA1 and CA3a in POST-VCDϩEB mice is consistent with previous findings of rapid, nongenomic EB effects in OVX female mice and rats (21, 60) . Estrogens have been shown to activate pAKT via ER␣ (61, 62) , and the expression of pAKT has been shown to change over the course of the estrous cycle and in response to exogenous estrogens, in a manner dependent on ERs (19, 60, 63) . Although we observed no difference in the number of ER␣-labeled neuronal profiles in CA3 SLu, this does not rule out changes in other receptor populations, eg, ER␤ or G protein-coupled receptor 1, that may be influencing the rapid response of PSD-95 to EB (59) . Indeed, recent work suggests that ER␣ and ER␤ interact with levels of ovarian hormones, responding with transcriptional changes to maintain hippocampal function (57) .
POST BDNF exons
BDNF levels fluctuate over the estrous cycle, decrease after OVX, and impact learning and memory (15, 44, 45) . Administration of VCD reduced number of primary and mature follicles and increased acyclicity in LATE and POST, but there was no effect of administration on organ or body weights. Microglial activation was not affected by VCD administration. Synaptic and neurotrophic markers were responsive to nongenomic acting doses of EB at POST in AOF mice. Anxiety-like behavior and spatial learning were largely unaffected by menopause phase or menopause status. M, mature.
Decreased levels of BDNF exon mRNA in POST-VCD mice relative to OVX and ORX groups may reflect another difference between AOF and OVX models. Previous work has demonstrated the differences between AOF and OVX models of menopause on both cognition and response to EB (13, 14) . Several studies demonstrating that increased duration of ovarian hormone deprivation decreases responsivity to estrogens more than aging (64, 65) might suggest that levels of mRNA in BDNF exons I, II, and IV were lower in POST-VCD than OVX because of the greater duration of hormone deprivation. However, no BDNF exons were responsive to EB in OVX mice, and yet it was in POST-VCD mice that levels of exon V mRNA were increased 24 hours after EB. Thus, intact, steroidigenic ovarian tissue (9) may be important for neurotrophic responses to menopause. Previous work suggests that an increase in BDNF transcript follows EB administration only in OVX ER␣, but not ER␤, knockout mice (16) . Thus, transitional menopause and the presence of intact, reproductively senescent ovarian tissue may affect ERs differently than OVX.
Complex behavior in POST
With the complexity of hormonal and synaptic plasticity pathways, in combination with our longitudinal approach, it is not surprising that there were not striking behavioral differences between VEH and VCD groups. Handling is known to have significant effects on mice (66) and can alter behavioral performance due to habituation or masking (67) . To monitor cyclicity, mice were handled for 10 days before time points. By virtue of the longitudinal design, POST mice experienced the most handling of all groups. Handling may have affected VEH and VCD mice very differently, thus obscuring any behavioral differences specifically due to the transition to menopause. In recent studies of OVX mice, handling had the same effect in both oil-and EB-treated animals as EB alone (ie, without handling) (E.M.W., T.A.V.K., T.A.M., unpublished data). Thus, changes in cognitive behavior in models of menopause in mice may parallel observations in the human literature in their nuance and complexity.
Stress and life events may significantly contribute to cognitive dysfunction in menopause (68, 69) . Indeed, in postmenopausal women, coadministration of 17␤-estradiol and corticosterone attenuated the positive cognitive effects of 17␤-estradiol alone (70) . Thus, menopause phase and other risk factors (stress, genetics, etc) may interact to influence cognitive changes in menopause.
Functional considerations
Human studies of menopause involve longitudinal testing on memory and cognitive tasks, resulting in substantial task learning effects that confound and obscure menopause-related changes in cognitive function and performance (71) . The degree to which neurobiological mechanisms can be assayed in humans is limited. The AOF model is poised to be of great utility as a rodent model that can be used longitudinally to probe mechanisms underlying not only cognitive dysfunctions but also other physiological changes across the menopause transition.
Research in both humans and rodents supports an emerging link between perimenopause, cognitive deficits, and cardiovascular dysfunction. Vasomotor symptoms, such as hot flashes and night sweats, begin during perimenopause, and hot flash frequency correlates with poor verbal memory (72) and increased risk of cardiovascular disease (73, 74) . Although women have lower incidence of hypertension compared with men at younger ages, this reverses through the menopause transition (75) . Neurobiological mechanisms underlying neural regulation of blood pressure and cognition have yet to be fully elucidated, and the AOF model will allow for the longitudinal investigation of potential mechanisms.
